Background: In nature, both daily light:dark cycles and temperature fluctuations are used by organisms to synchronize their endogenous time with the daily cycles of light and temperature. Proper synchronization is important for the overall fitness and wellbeing of animals and humans, and although we know a lot about light synchronization, this is not the case for temperature inputs to the circadian clock. In Drosophila, light and temperature cues can act as synchronization signals (Zeitgeber), but it is not known how they are integrated. Results: We investigated whether different groups of the Drosophila clock neurons that regulate behavioral rhythmicity contribute to temperature synchronization at different absolute temperatures. Using spatially restricted expression of the clock gene period, we show that dorsally located clock neurons mainly mediate synchronization to higher (20 C: 29 C) and ventral clock neurons to lower (16 C:25 C) temperature cycles. Molecularly, the blue-light photoreceptor CRYPTOCHROME (CRY) dampens temperature-induced PERIOD (PER)-LUCIFERASE oscillations in dorsal clock neurons. Consistent with this finding, we show that in the absence of CRY very limited expression of PER in a few dorsal clock neurons is able to mediate behavioral temperature synchronization to high and low temperature cycles independent of light. Conclusions: We show that different subsets of clock neurons operate at high and low temperatures to mediate clock synchronization to temperature cycles, suggesting that temperature entrainment is not restricted to measuring the amplitude of such cycles. CRY dampens temperature input to the clock and thereby contributes to the integration of different Zeitgebers.
Introduction
In nature, organisms use an array of temporal information from the environment to synchronize their circadian clocks. In Drosophila, daily light and temperature changes are perceived directly by either clock cells [1] [2] [3] or specialized ''circadian'' photoreceptors [4, 5] and by sensory systems that are known to function in image forming vision and mechanoreception [5, 6] . The various ''Zeitgebers'' are thought to be integrated by the pacemaker neurons for an accurate estimate of day time and optimal timing of behavioral activities (e.g., [7] ). In mammals, the clock neurons in suprachiasmatic nuclei are not directly sensitive to light and temperature fluctuations. Similar to what is seen in flies, the circadian clock receives light information from the image forming photoreceptors, as well as from specialized melanopsin-expressing retinal ganglion cells [8] . The suprachiasmatic nucleus seems to be largely inert to temperature fluctuations, and it is thought that the daily body temperature fluctuations are regulated by the suprachiasmatic nuclei to synchronize peripheral clock tissues [9] [10] [11] .
In insects, temperature acts as potent Zeitgeber (e.g., temperature cycles with an amplitude of 2 C-3 C stably synchronize the Drosophila clock [12, 13] ) and may even be the dominant cue in nature [14] . Also, light and temperature synchronize the clock interdependently [7, [13] [14] [15] [16] , and in order to understand Zeitgeber integration it is crucial to reveal temperature entrainment mechanisms as such. Although in peripheral fly tissues temperature synchronization seems to be a cell-autonomous mechanism [2] at least some of the pacemaker neurons in the brain receive temperature information from internal mechanoreceptive sensory structures located in fly appendages [6] . This and potential other direct and indirect temperature inputs result in synchronized clock gene expression within the clock circuitry [7, 17, 18] . This circuit consists of about 150 neurons all defined by the expression of the clock proteins PERIOD (PER) and TIMELESS (TIM), which are divided into several subgroups based on their location, size, projection pattern, and neuropeptide content [19] . The ventral lateral neurons consist of large (l-LNv) and small (s-LNv) neurons, which also express the neuropeptide pigment dispersing factor (PDF), and one PDF-negative s-LNv (the fifth s-LNv). The other groups are the dorsal lateral neurons (LNds), three groups of dorsal neurons (DN1-DN3), and lateral posterior neurons (LPNs). Although all clock neurons show similar phases of PER and TIM expression, some neurons, in particular the LPN and DN2, are thought to be more sensitive to temperature, because they preferably synchronize to temperature in conflicting light:dark (LD) and temperature cycles [18, 20] . Interestingly, these neurons belong to the groups that do not contain the circadian photoreceptor CRYPTOCHROME (CRY), leading to the hypothesis that CRY-negative neurons mainly mediate temperature inputs [20] . On the other hand, flies that have a functional clock only in CRY-positive neurons are able to synchronize to temperature cycles, indicating that CRY-positive neurons contribute to temperature entrainment [21] . We and others have shown that in constant light (LL) temperature cycles induce robust clock gene oscillations in peripheral clock cells and in the clock neurons as well as synchronized behavior [2, 17] . At constant temperatures LL leads to molecular and behavioral arrhythmicity, and therefore temperature cycles somehow interfere with the effects of light on the molecular clock [2, 17, [22] [23] [24] .
In the current study, we aimed to identify the role of different clock neurons and CRY in temperature entrainment in the presence (LL) or absence (DD) of light. For this, we restricted PER expression to subtypes of clock neurons in the ventral and dorsal brain, respectively, by applying two PER-encoding transgenes containing truncated endogenous regulatory sequences of the clock gene period. Presumably because of a fortuitous combination of their particular genomic insertion site and slightly different regulatory sequences retained within their first intron, both transgenes lead to distinct spatial PER expression in subsets of the clock neurons [25, 26] (Figure 1 ). Flies containing these transgenes were analyzed in low (16 C:25 C) and high (20 C:29 C) temperature cycles to reveal the influence of the absolute temperature on entrainment. We show that ventrally located clock neurons are more important during the colder temperatures, whereas dorsally located neurons dominate during warmer temperatures. Finally, we show that CRY interferes with temperature synchronization in the dorsal neurons at the molecular and behavioral level, which can explain differences between LL and DD entrainment.
Results

Restriction of PER Expression to Different Subsets of Clock Neurons during Temperature Cycles
The 7.2 and 8.0-luc transgenes are promoterless subclones of a 13.2 kb DNA fragment covering the entire period gene (Figure 1A) [25, 26] . The 13.2 construct includes about 4 kb of regulatory sequences upstream of the per promoter, all introns and exons, as well as the 3 0 untranslated region (UTR; Figure 1A ). We used this construct as a control, because it rescues all aspects of arrhythmicity caused by the per 01 loss-of-function allele in LD and in DD conditions at different constant temperatures [27] [28] [29] and restores per expression in clock neurons during LD [30] . Here, we show that also during temperature cycles (TCs) of 16 C: 25 C per 01 13.2 flies show a wild-type PER expression pattern in all clock neuronal groups except for the LPN with a peak at ZT16 (ZT, Zeitgeber time) and a trough at ZT4 (Figure 1 ; Figure S1 and Table S1 available online) [7] . As previously reported, during LD and constant temperature, per 01 flies carrying the 7.2:2 construct ( Figure 1A) show PER expression in the LN [25] , but also in all other clock neuronal groups except the LPNs ( Figure S1 ). Interestingly, during TCs, PER expression is largely restricted to the LNv, both in 16 C:25 C and 20 C:29 C cycles. At the peak of expression (ZT16), we observe strong staining in the four PDF-expressing s-LNvs and weak staining in the PDF-negative fifth s-LNv and the l-LNv, whereas LNd expression was observed only in <50% of brain hemispheres ( Figures 1B and S1 and Tables S1 and S2). DN3 expression was absent and signals in the DN1 and DN2 were weak or absent in >75% of all brain hemispheres analyzed (n = 167) ( Figure 1B and Tables S1 and S2). In the LN groups of per 01 7.2:2 flies, PER oscillates with similar phase and amplitude as in controls in 16 C:25 C TCs ( Figures  1D and S1 and Table S1 ). During both TCs, the 8.0-luc transgene, which contains w800 additional first-intron base pairs compared to 7.2 ( Figure 1A ) [26] , is expressed in subsets of the three DN groups and LNds but never in the LNvs ( Figures  1C and S1 and Tables S1 and S2). PER oscillations in per 01 8.0-luc flies occurred with the same phase as in controls, but with reduced amplitude ( Figure 1D and Table S1 ).
Because at both high and low TCs 8.0-luc flies completely lack PER expression in the LNvs but show expression in all three DN groups, and because 7.2:2 flies express PER mainly in the LNv, we used these lines to determine the contribution of the different clock neuronal groups to temperature synchronization.
Clock Function in Ventral Lateral Neurons Is Sufficient for Synchronization to Low Temperature Intervals in Constant Light
Flies were initially synchronized to three LD cycles at 25 C, followed by two temperature cycles (16 C:25 C) , each shifted by a delay of 6 hr compared to the previous cycle (see Figure 2A and the Supplemental Experimental Procedures for details). As expected, the positive controls (Canton S and per 01 13.2) synchronized to LD [28] and also to TCs. Synchronization to TCs is evident as an organized activity peak in the second half of the warm phase during the original and shifted TCs and by transients visible after both temperature shifts (Figure 2A: ''transients'' are visible in the actograms at the top of each column and are marked with an arrow in Canton S as example. Activity peaks can also and perhaps more easily be discerned in the histograms that show the average activity of the last 3 days of each TC). In order to quantify the behavior during the two TCs, we calculated an entrainment index (EI), by determining the ratio between the total activity occurring during the obvious activity peak times in the controls (between ZT6 and 11.5 in Figure 2A ; see Table S3 for the other conditions) and the total activity levels during the entire warm phase (see the Supplemental Experimental Procedures for details). As expected, applying all these criteria per 01 flies did not synchronize to TCs but only react to the temperature changes (Figures 2A and 2C and Table S3 [2, 17] ). Strikingly, LN-limited PER expression is sufficient to partially synchronize behavioral rhythms of per 01 7.2:2 flies, because they show a similar behavioral pattern as the positive controls ( Figure 2A and Table S3 ). In contrast, inspection of the activity plots shows that per 01 8.0-luc flies behaved more similar to per 01 flies (Figures 2A and 2C and Table S3 ). The results indicate that PER in the LNd and DN neurons is not sufficient for synchronization to 16 C:25 C TCs in LL. To rule out that the function of the PER-Luciferase fusion protein is compromised by the presence of the reporter, we also tested synchronization of per 01 flies expressing the entire per gene fused to luciferase. As expected, these flies (per 01 XLG-luc) synchronize to TCs, showing that the reporter protein does not significantly interfere with PER function ( Figure S4 and Table S3 ) [26] . To confirm the potential prominent role for the LNv, we also restored PER expression using the Gal4/UAS system: although per 01 Pdf-gal4/UAS-per flies show organized activity peaks during both TCs and therefore confirm the synchronizing activity of the LNv at low temperatures, the activity peaks are advanced compared to controls and per 01 7.2:2 flies, which also explains their low (per 01 -like) EI (Figures S2A  and S2E and Table S3 ). This suggests that the non-PDFexpressing neurons of per 01 7.2:2 (fifth s-LNv and LNd) are important for proper timing of the synchronized activity peak.
PER in Ventral Clock Neurons Mediates Partial Synchronization to Low Temperature Cycles in DD
To see whether the ability of the LNv to mediate temperature synchronization to low temperature cycles is influenced by light, we performed the above experiments in DD. As expected, all three controls were also able to synchronize to low temperature cycles in DD ( Figures 2B, 2D , and S4 and Table S3 ). At the end of the second TC, flies were kept under constant conditions (DD, 25 C) for at least 5 days to evaluate their free-running behavior ( Figure 2B ). The positive controls Figure S1 and Tables S1and S2. Table S3 and the Experimental Procedures for details). See also Figures S2 and S4 and Table S3. initiate their activity during the constant conditions according to the phase of the activity peak at the end of the final TC, which serves as additional indicator for stable entrainment ( Figures 2B and S4) .
Although behavioral activity of per 01 7.2:2 flies appeared to be less organized during and after the TCs compared to the positive controls, these flies synchronized to the low TC in DD (Figures 2B and 2D and Table S3 ). Also, in the free-running portion of the experiment after the last TC, activity continues with the phase obtained during the TC ( Figure 2B , lower two histograms). The behavior of per 01 Pdf-gal4/UAS-per flies looked very similar to that of per 01 7.2:2 flies, although the activity peaked again earlier resulting in a lower EI ( Figure S2 and Table S3 ). The results show that PER in the LNv is sufficient for synchronization to low TCs in DD, but that PER in other neurons (fifth s-LNv and LNd) contributes to the timing of the activity peak. Consistent with these findings, PER expression in the LNd and DN (per 01 8.0-luc) did not restore synchronized behavior (Figures 2B and 2D and Table S3 ). Table S3 ).
PER in Dorsal Clock
As expected, control flies showed robust synchronization in DD, showing transients and slightly later activity peaks in the warm phase as compared to the lower TC as well as freerunning activity peaks in phase with the behavior during the final TC ( Figures 3B, 3D , and S4 and Table S3 ). LN-restricted PER expression (per 01 7.2:2) resulted in an increase of behavioral activity shortly after the temperature rise very similar to the behavior of per 01 under these conditions ( Figures 3B, 3D , and S3 and Table S3 ). Although it has previously been reported that LNv-restricted PER expression (per 01 Pdf-Gal4/UAS-per) restores aspects of temperature synchronization under similar conditions in DD [21] , in our hands these flies did not synchronize to TCs and showed the same early activity peak shortly after the temperature rise ( Figure S2 and Table S3 ). When identical conditions to the previous study were applied (where phase advances instead of delays were applied [21] ), we also observed an early activity peak compared to the controls, which could reflect abnormal entrainment ( Figure S5 ; cf. [21] ) (see the Discussion). Surprisingly, PER in the dorsal part of the clock circuit led to partial synchronization to TCs. per 01 8.0-luc flies exhibited a startle response to the temperature rise but in addition adjusted their main activity peak to the late part of the warm phase (first TC) or showed transients leading to a peak extending from the late part of the warm phase into the early cold phase (second TC) ( Figures 3B and  3D , Table S3 , and Figure S3 for representative individual actograms). In addition, the per 01 8.0-luc EI was not significantly different from that of Canton S but was significantly higher compared to the EI's of per 01 and per 01 7.2:2 ( Figure 3D ). Moreover, per 01 8.0-luc flies also exhibited free-running behavior with an activity peak phased according to that at the end of the last TC, demonstrating that they indeed synchronized to high TCs (Figures 3B and S3) . Because (1) we never find expression of 8.0-luc in the LNv, (2) PER expression was only rarely observed in the DN1 and DN2 of per 01 7.2:2 flies (Figures  1B and S1 Tables S1 and S2) , and (3) the lack of, or abnormally phased, synchronization observed in per 01 Pdf-Gal4/UAS-per flies during high TCs (Figures S2 and S5 and Table S3 ), our results suggest that at higher temperatures a functional clock in subsets of the LNd and DN1-DN3 is sufficient for partial synchronization to TCs in DD.
To further test this, we also analyzed a different genotype with restricted PER expression in the dorsal brain: per 01 crygal4:39/Pdf-gal80 UAS-per flies should express PER in the fifth s-LNv, all LNds, both DN2 and DN1a, most DN1ps, and approximately eight DN3s [31] ; therefore, partially overlapping with 8.0-luc PER cells ( Figures 1C and S1 and Tables S1 and S2). Consistent with our results, per 01 cry-gal4:39/Pdfgal80 UAS-per flies did entrain to high TCs in both LL and DD conditions with similar activity phases ( Figure S4 and Table S3 ). We noticed that in DD, control and per 01 crygal4:39/Pdf-gal80 UAS-per showed an activity peak early in the warm phase, whereas in the previous study, where synchronization was tested with phase-advanced TCs, their activity peak occurred later in the warm phase [21] . Strikingly, when we analyzed control and per 01 cry-gal4:39/Pdfgal80 UAS-per flies using phase-advanced 20 C:29 C TCs in DD, we also obtained activity peaks in the late warm phase ( Figure S5 ). This indicates that in addition to the absolute temperature and the light condition, synchronization to TCs is also influenced by the direction of the environmental shifts. Importantly, the ability to synchronize to 20 C:29 C TCs in DD was not affected by the direction of the temperature shifts in any of the genotypes tested in this study, strongly supporting the role of dorsal clock neurons in synchronization to high TCs ( Figure S5) . per 01 cry-gal4:39/Pdf-gal80 UAS-per flies also synchronize to the low TCs, although with an earlier phase in LL and a slightly later phase in DD ( Figures S4A, S4C , and S4E). We explain this difference to per 01 ; 8.0-luc behavior by the differences in the expression pattern of both constructs. The former genotype expresses PER in the fifth s-LNv, all six LNds, and the DN1a, which is not the case in per 01 ; 8.0-luc flies (only four of the LNds and none of the other cells contain PER). This is consistent with the finding that the LNd and the fifth s-LNv contribute to proper timing of the activity peak during low TCs (Figures 2 and S2) . We can also not rule out quantitative PER-level differences between the two genotypes.
Removal of CRY from Dorsal Clock Neurons Enhances the Ability for Temperature Synchronization
Dorsal clock neurons have the ability to drive behavioral rhythmicity in LL and constant temperatures, presumably because they contain limiting amounts of CRY [32] [33] [34] [35] [36] [37] and because a lack of CRY causes sustained rhythmicity in LL [38] . To see whether CRY levels remain low in LL and TCs, we performed western blots of head extracts from flies that were kept in LD and LL in constant temperature, and in LL combined with a 16 C:25 C TC. We were able to detect robust CRY accumulation at the dark time point of the LD cycle, but CRY levels in both LL conditions were low at all times (Figure 4 ). Although we have not analyzed CRY expression in the clock neurons, the results suggest that in contrast to what was observed for TIM [2, 17] light-induced CRY degradation cannot be bypassed by temperature fluctuations. We asked whether the Table S3. reduced but presumably light-activated levels of CRY during LL and TCs could contribute to the observed behavioral differences compared to DD and TCs, during which CRY levels are expected to be higher but inactive. To rule out that the introduction of the cry b allele somehow alters the 8.0-luc expression pattern, which may in turn explain the enhanced ability of per 01 8.0-luc cry b flies to synchronize to temperature cycles, we determined the transgenes' expression pattern. In both, low and high temperature cycles, the expression pattern could not be distinguished from that in a cry + background, i.e., it was restricted to the same subsets of the dorsal clock neurons ( Figure S1C and Tables S1 and S2).
Combining per 01 with cry b has been shown to partially restore synchronization to LD cycles [39] . To rule out that the surprising restoration of temperature synchronization in per 01 8.0-luc cry b flies is unrelated to 8.0-luc expression, we also tested per 01 cry b flies. Like per 01 , the per 01 cry b double mutants showed a drastic activity increase after the temperature increase in all conditions and did not synchronize to any of the TCs in LL or DD (Figures 5A-5E and Table S3 ). In LL and 16 C:25 C TCs (and to a lesser extend in the DD 20 C:29 C condition), the temperature-induced activity increase was followed by a decline in activity after 1 hr in the warm phase, followed by another w3 hr activity peak within the early warm phase (Figures 5A and 5D ). We never observed any transients in the double-mutant genotype in any condition ( Figures  5A-5D ), suggesting that the second peak observed in certain conditions (Figures 5A and 5D ; and sometimes in single per 01 mutants, Figures 3B and S5A ) may be mediated by a PER-independent hourglass-type oscillator [39] . Moreover, peak activity occurred 6-8 hr earlier compared to that of the same flies containing 8.0-luc ( Figures 5A and 5D Figure S6 and Table S3 ), pointing to a dorsal brain-specific function of CRY during temperature entrainment, similar as described for CRY's role in supporting LL rhythmicity.
The results obtained with the per 01 8.0-luc cry b flies support the idea that CRY in the dorsal clock neurons interferes with the synchronization to TCs [23] . To test this at the molecular level, we analyzed the luciferase rhythms of CRY-depleted 8.0-luc flies in high and low TCs in DD and LL ( Figure 6 ). After initial LD entrainment, flies were exposed to TCs before being released into constant conditions ( Figure 6 ). In all conditions, 8.0-luc cry b and 8.0-luc cry b /cry OUT flies showed robust PER-LUC oscillations during the entrainment and free-running part of the experiment, whereas the 8.0-luc flies oscillated with significantly lower amplitude (Figure 6 ; see [23] for LL and low TCs). Also, the cry mutant flies synchronized immediately to the TC, whereas the cry + flies required an extra 1-2 days to do so, presumably because they are still synchronized to the previous LD cycle (Figure 6 , bottom two blots).
Discussion
Previous studies have aimed to identify clock neurons mediating temperature entrained behavior in Drosophila largely by application of the Gal4/UAS system [17, 18, 20, 21] . Because of potential problems associated with the intrinsic temperature sensitivity of this system [40] , we decided to use an alternative approach: restoring clock function in different subsets of clock neurons using single transgenes containing PER-coding and regulatory sequences. In order to judge whether a certain genotype was able to synchronize to temperature cycles, we applied rather long entrainment protocols involving two time-delayed TCs. We then looked for the presence of transient changes of the peak activity phases after the various shifts, which are a good indicator of clock-dependent synchronization. We also determined the existence and magnitude of organized activity peaks at the end of each TC (as opposed to evenly distributed activity during the entire warm or cold phase, or peaks coinciding with the acute temperature changes) and used these peaks to calculate EIs for each genotype and condition. Although this should give a reliable estimate of entrainment, this method is of course limited. We were for example not able to use the activity phase at the beginning of the free-running part of the DD experiments as additional criterion in each case, because at the end of the experiments some genotypes had very low activity levels. Nevertheless, we think that application of all criteria and careful comparison to the positive and negative controls allows for a good judgment about the entrainability of each genotype. The first unexpected finding of our study came from the per 01 13.2 control flies we used. Even though we could not detect PER expression in the LPNs, these flies showed robust temperature synchronization during all conditions we applied (Figures 2, 3 , and S5 and Table S3 ). In wildtype flies (e.g., Canton S), the LPNs show synchronized PER and TIM oscillations during TCs, and it has been proposed that these neurons play an important role for temperaturesynchronized behavioral rhythms [7, 17, 18, 20, 21] . Because we were able to detect all other clock neurons with our PER antibody, including some of them at times when PER is not at its peak time of expression, it seems unlikely that we missed expression in the LPN. Based on the very similar behavior we observed in Canton S and per 01 13.2 flies, we conclude that PER in the LPNs is not required for synchronization to TCs, although this does not rule out a PER-independent function for the LPN. 8.0-luc-mediated PER expression did not rescue, our results show that PER expression in the LNv and LNd is required for temperature entrainment to low TCs (DD and LL), whereas LNd and DN1-DN3 expression is not. Moreover, the advanced activity peak of per 01 Pdf-gal4/UAS-per compared to per 01 7.2:2 flies suggests that the fifth s-LNv and the LNds influence the timing of the activity peak. At the higher temperature interval, per 01 7.2:2 flies did not synchronize in LL or DD, even though PER expression is restored in the same cells as in the low TC (Tables S1 and  S2 ). Instead, they showed increased activity during the first half of the warm phase, similar to per 01 flies under these conditions. This behavior is similar to that previously described for LNv-mediated rescue of synchronization to phase-advanced Figure S5 ). This suggests that the early activity peak of per 01 flies under high TCs [15, 21, 24] , or in flies with LNv (per 01 Pdf-gal4/UAS-per)- [21] or LNv and LNd (per 01 7.2:2)-restricted PER expression, may at least in part be controlled by a PER-independent oscillator [24] .
Synchronization to Low and High Temperature Cycles
In contrast, we found that spatially restricted PER expression in the DN1-DN3 and LNd subgroups mediated by the 8.0-luc transgene leads to synchronized activity at the end of the warm phase of 20 C:29 C TCs in DD ( Figures  3B, 3D , S3, and S5 and Table S3 ), suggesting at least partial rescue of entrainment. Because of the complete lack of LNv expression in per 01 8.0-luc flies, this shows that for synchronization to high TCs, dorsal subsets of clock neurons are sufficient. Our results are consistent with previous reports showing that after ablation of the LNv, synchronized activity occurs at the end of the warm phase of TCs involving high temperatures [17, 21] . In addition, rescue of PER expression in a subset of the DN1 through the use of a Clock-gal4 driver also resulted in a synchronized activity peak at the end of the warm phase [15] . We also expected to see synchronized per 01 8.0-luc behavior at high temperatures during LL, but this was not the case, possibly because of reduced PER levels under these conditions. Consistent with our finding, Clock-gal4-driven DN1 PER expression did also not result in synchronized evening activity during LL and temperature cycles (data not shown in [15] ).
CRYPTOCHROME Antagonizes Temperature Entrainment
Another potential difference between LL and DD concerns CRY, which is activated and degraded in the presence of light, while it accumulates in darkness [36, 41, 42] . Our western blot data suggest that in LL and TCs, low levels of light-activated CRY persist. The fact that CRY depletion enables per 01 8.0-luc flies to synchronize to high and low TCs in LL and to the lower temperature interval in DD suggests that light-activated and DD-accumulated inactive CRY interfere with temperature entrainment. It also shows that in the absence of CRY, just a few PER-expressing dorsal clock neurons ( Figure S1C ) are sufficient for synchronization to TCs with widely varying physical parameters.
What could be the mechanism and logic of this interference? One hypothesis is that CRY-expressing clock neurons are indeed important for temperature entrainment, but in a way in which CRY in these neurons actually counteract temperature synchronization. In other words, as long as these neurons contain a functional clock and CRY, they mediate light entrainment and keep the influence of temperature at bay, while when CRY levels are depleted (either by LL or mutation) the clock circuit can more easily be synchronized to temperature. In agreement with this idea, it has been reported that CRY is not required for temperature entrainment and that its absence enhances the amplitude of clock gene expression in temperature cycles in LL [2, 20, 21, 23]. We do not know which subset of the 8.0-luc neurons coexpresses PER and CRY during temperature cycles, but it seems clear that about 50% of the 8.0-luc PER + cells (e.g., the DN2 and DN3) are CRY negative. It is therefore likely that PER expression in CRY-negative cells is affected by introduction of cry mutations, suggesting that the dampening effect of CRY on temperature entrainment involves interneuronal communication [43] . This may also explain why cry b restored synchronization to the low TC, which we show is mainly mediated by the LNv.
Conclusions
We have shown that different sets of clock neurons play a role for synchronization to low and high temperature cycles with identical amplitude. This shows that temperature entrainment does not solely rely on measurement of temperature differences but rather on measurement of absolute temperatures. We show that this task is divided between different neuronal groups, opening the possibility that multiple temperature receptors-expressed either in different clock neurons, other neurons in the brain, or in the PNS-contribute to temperature entrainment [6, [44] [45] [46] [47] [48] . CRY seems to actively block the entrainment strength of temperature both at a molecular and behavioral level, which most likely contributes to Zeitgeber integration.
Experimental Procedures
Analysis of Activity Behavior Locomotor activity of 2-to 3-day-old individual adult males was recorded by an automated infrared beam monitoring system (Trikinetics, Waltham, MA) as described previously [6] . See the Supplemental Experimental Procedures for details about genotypes, conditions, and data analysis.
Immunohistochemistry
Approximately 3-day-old adult flies were entrained to 12 hr:12 hr LD cycles at 25 C for at least 3 days and subsequently exposed to a 12 hr-shifted TC of either 16 C:25 C or 20 C:29 C (12 hr:12 hr) in DD for 5 days. After the last D cycle of LD, temperature dropped to the lower temperature for 12 hr. For each genotype, flies were collected on the fifth day under TCs at ZT16 and ZT4, and in a separate set of experiments at ZT4, ZT10, ZT16, and ZT22. Anti-PER and anti-crab-PDH stainings were performed, visualized, and quantified as described in detail in the Supplemental Experimental Procedures.
Western Blots
Proteins from eight fly heads [Df(1) y w or cry OUT ], which were collected at the indicated time points and conditions, were extracted, separated, blotted, and incubated with a 1:1000 dilution of rabbit anti-CRY antibody [49] and HRP-coupled secondary antibody (goat anti-rabbit, 1:100000; Pierce) exactly as described [42] .
Luciferase Recordings
Luciferase expression of individual flies carrying the 8.0-luc transgene was measured as described [26] . In brief, 2-to 3-day-old males were ether anesthetized and loaded in a 96-well microtiter plate in which every other well contained 100 ml 5% sucrose, 1% agar, and 15 mM luciferin. Flies were measured in a Packard Topcount Multiplate Scintillation Counter for 9 days during DD and 12 hr:12 hr 16 C:25 C TCs followed by DD and constant 25 C for additional 4 days ( Figure 6 , top panel), or for 3 days in 12 hr:12 hr 20 C:29 C TCs in LL or DD, followed by 3 days at constant 29 C in LL or DD ( Figure 6 , middle and bottom panels, respectively). Data were plotted with BRASS software (version 2.1.3) [50] .
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Acknowledgments
We thank T. Yoshii and A. Hofbauer for CRY and PDF antibodies, respectively, and F. Rouyer for fly stocks and sharing of unpublished results. We OUT (n = 7, 5) flies during the indicated temperature and light conditions. Warm and cold temperatures are indicated by red and blue bars below the graph, respectively. Experiments were repeated three times with similar results. Note that the phase difference between cry + and cry mutant backgrounds is caused by previous LD exposure. See also Figure S1 .
